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Abstract In this experimental study, we address transport
processes in a mixed convective flow over a heated wavy
surface. Therefore, we combine digital particle image
velocimetry (DPIV) and two-color planar laser induced
fluorescence (PLIF) to simultaneously measure the velocity
and temperature field. For this, we propose to use the dye
combination Rhodamine B and Rhodamine 110, both exci-
ted with the Nd:YAG laser also used for the PIV
measurements. We investigate the influence of mixed con-
vection over a wavy surface on the velocity field, turbulence
statistics, the temperature field and the heat flux. By com-
puting these quantities we find a correlation between the
maximum in the Reynolds stress profiles and the components
of the heat flux vector, thus regions of maximum momentum
and scalar transport coincide. In addition, we apply a proper
orthogonal decomposition (POD) to extract the most domi-
nant flow structures in a measurement plane above the wavy
surface. This first POD mode is identified as streamwise-
oriented, counter-rotating vortices whose spanwise scaling is
also correlated with the maximum of heat flux.
List of symbols
a half-amplitude of the wave profile
B channel width
g acceleration due to gravity
GrH Grashof number
H full channel height
_q heat flux
ReH Reynolds number
t time
T temperature
u,v,w components of the instantaneous
fluid velocity
UB bulk velocity (channel flow)
x,y,z Cartesian coordinates
X spatiotemporal set of data
yw profile of the wavy bottom wall
Greek symbols
a amplitude-to-wavelength ratio, 2a/K
b volumetric thermal expansion coefficient
ki eigenvalue of POD mode i
K wavelength of the sinusoidal profile at
the bottom wall
m kinematic viscosity
Pi eigenfunction of POD mode i
Abbreviations
CCD charge coupled device
DPIV digital particle image velocimetry
FOV field of view
Nd:YAG neodymium:yttrium aluminium garnet
(Y3Al5O12) crystal
PLIF planar laser-induced fluorescence
PVC poly vinyl chloride
Subscript
B bulk quantity
H channel height (used as length scale)
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1 Introduction
Flows in the mixed convective regime are present in relevant
technical and geophysical flow situations. Especially in
technical applications, the flow boundaries resemble com-
plex wall geometries, e.g. undulations in heat exchangers to
enhance transport processes (e.g. Rush et al. 1999; Dellil
et al. 2004). Previous studies of mixed convective flows
focused mainly on horizontal parallel plate configurations.
Osborne and Incropera (1985a, b) and Maughan and Incr-
opera (1989) investigated laminar, transitional, and turbulent
mixed convection heat transfer for a horizontal parallel plate
water channel experimentally. They found an increase in
heat transfer due to buoyancy effects which is less pro-
nounced for higher Reynolds numbers and is preceded by the
onset of a secondary flow. The structure of this secondary
flow in a mixed convective air flow through a horizontal
plane channel was investigated numerically and experi-
mentally by Yu et al. (1997a, b). Their results showed that
this secondary flow is in the form of longitudinal vortex rolls
for high enough Reynolds numbers. To enhance the com-
plexity of the investigated flow situation wavy walls are
often chosen as a well-defined bounding surface of the flow.
Several numerical studies addressed convective heat transfer
in channel flow bound by one or two wavy walls (e.g. Dellil
et al. 2004; Metwally and Manglik 2004). In a recent
experimental study, Kruse and Rudolf von Rohr (2006)
investigated the transport of heat (as a passive scalar) in a
turbulent flow over a heated wavy wall. By employing a
particle image thermometry technique the velocity and
temperature fields were measured simultaneously. Quanti-
tative agreement between large-scale thermal and
momentum structures was found. The present work advances
this study by addressing buoyancy effects induced by mixed
convection from a wavy surface on transport processes by
applying a combined digital particle image velocimetry and
laser-induced fluorescence technique to simultaneously
measure the velocity and the temperature field.
Non-invasive measurement techniques to assess the
temperature field in a fluid are another important topic in
recent research. One common technique is based on liquid
crystals (Dabiri and Gharib 1991) which is known as par-
ticle image thermometry and can also be used together with
PIV to obtain simultaneous measurements (Kruse and
Rudolf von Rohr 2006). To assess the temperature field
thermochromic liquid crystals dispersed in the fluid are
illuminated with a sheet of white light. The color distri-
bution reflected by the particles is recorded by a color
CCD. In a first step the red, green, and blue intensities of
the color distribution are converted into a local intensity,
local hue, and saturation, this process is also known as
RGB to HSI conversion. The temperature information is
obtained by providing a calibration function between the
local fluid temperature and the local hue. Major drawbacks
of this technique are the need for a color CCD to record the
color information emitted from the liquid crystals and, if
simultaneous measurements are desired, the use of two
different light sources which makes it complicate to syn-
chronize the whole measurement system. Another whole-
field technique is based on laser-induced fluorescence
where temperature sensitive fluorescent dyes excitable by
laser light are employed. As light sources, both constant
wavelength Ar+ ion lasers and pulsed Nd:YAG lasers are
possible. However, to examine larger regions in the flow
field and to acquire instantaneous images the use of pulsed
Nd:YAG lasers is preferable (Karasso and Mungal 1997).
Coolen et al. (1999) report on one-color LIF temperature
measurements with Rhodamine B as temperature sensitive
dye excited with a Nd:YAG laser. The variation of the
exciting light intensity, caused by different reasons such as
optics or even refraction of the light passing through the
thermal field itself, is a source of measurement inaccuracy.
Thus, Sakakibara and Adrian (1999, 2004) proposed the
use of two-color LIF where one fluorescent dye is tem-
perature sensitive, the other insensitive and used as
correction for inhomogeneities in the laser light sheet. The
ratio of the emitted light of both dyes is then calibrated and
used to calculate the temperature in the flow field. By
applying this method of two-color LIF the concentration
ratio of the two dyes has to be known and kept constant
during measurement, which might pose a difficulty for
example in turbulent diffusion processes. To address this
problem the two-color/single-dye technique was intro-
duced. Bruchhausen et al. (2005) report on two-color LIF
with the use of two spectral bands of Rhodamine B as
single fluorescent dye. Therefore, these spectral bands need
to exhibit a strong difference in their temperature sensi-
tivity. By applying this technique, the ratio of the emitted
fluorescence signal depends solely on the temperature of
the fluid.
This experimental study addresses the mixed convective
flow between a flat top wall and a heated wavy bottom
wall. Thus transport processes in a complex flow situation,
characterized by buoyancy effects, separation and reat-
tachment of the flow due to the presence of the wavy wall,
are evaluated. We present simultaneous measurements of
the two-dimensional fluid velocity and temperature fields
by using a combined digital particle image velocimetry
(DPIV) and two-color planar laser-induced fluorescence
(PLIF) technique.
2 Flow description
We investigate the mixed convective channel flow between
a heated sinusoidal bottom surface and a flat top wall. This
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sinusoidal bottom surface is characterized by the ampli-
tude-to-wavelength ratio of a = 2a/K = 0.1, its
wavelength is K = 30 mm, which is equal to the total
channel height H. The profile of the wavy wall yw(x) is
depicted in Fig. 1, which is mathematically described as
ywðxÞ ¼ a sin 2pxK
 
: ð1Þ
Figure 1 also shows the used coordinate system: x denotes
the streamwise coordinate direction, y the vertical and z the
spanwise direction. The corresponding velocity compo-
nents are denoted as u, v, and w.
The mixed convective flow is characterized by the
Reynolds number and the Grashof number. The Reynolds
number ReH is calculated according to
ReH ¼ UBHm ; ð2Þ
where m denotes the kinematic viscosity, H is the total
height of the channel, and the bulk velocity UB is given by
UB ¼ 1
H  yw
ZH
yw
U xn; yð Þdy; ð3Þ
where xn denotes an arbitrary x-location, and yw describes
the wave profile. The Grashof number GrH is given by
GrH ¼ gH
3DTb
m2
; ð4Þ
where DT denotes the temperature difference between the
bottom and top wall, and b is the volumetric thermal
expansion coefficient. The ratio between the Grashof and
the Reynolds number squared (GrH/ReH
2 ) characterizes the
convective regime of the flow. This ratio is in the range of
unity for mixed convection, much smaller than one for
forced convection, and much greater than one for natural
convection (Incropera and DeWitt 2002).
The isothermal flow over a train of solid waves is con-
nected to a developing shear layer, formed by the
separation of the flow shortly after the wave crest, which
extends over the whole wavelength. Figure 2 schematically
illustrates characteristic regions of the flow field in the
vicinity of the wavy surface reported by Cherukat et al.
(1998), and Henn and Sykes (1999). These characteristic
regions are the separation region (I), and the regions of
maximum positive (II) and maximum negative (III) Rey-
nolds shear stress .u0v0: For smooth walls flow-oriented
vortical eddies have been associated with large Reynolds
stresses, and with the production of turbulence in the vis-
cous region close to the wall (Brooke and Hanratty 1993).
In earlier studies, Gu¨nther and Rudolf von Rohr (2003),
Kruse et al. (2003, 2006), Kuhn et al. (2007), and Wagner
et al. (2007) investigated the structure and dynamics of
turbulent motions in a developed turbulent flow over var-
ious wavy surfaces and identified flow-oriented large-scale
structures which contribute most to the momentum
transport.
The results reported here are for the mixed convective
regime at a Reynolds number of ReH = 1,100 and a
Grashof number of GrH = 1.94 9 10
6 (GrH/ReH
2 = 1.6),
and for reference purposes for the isothermal case at
ReH = 1,025. At these conditions, we obtained a tem-
perature difference between the wavy wall and the top
wall of 8.5C, respectively 5.5C, for the difference
between the wavy wall temperature and the bulk fluid
temperature.
3 Experiments
The experiments are performed in the flow channel facility
depicted in Fig. 3, for a detailed description we refer to
Gu¨nther and Rudolf von Rohr (2003). The working fluid is
deionized and filtered water, the channel facility is made of
Fig. 1 Profile of the wavy wall
characterized by a = 0.1 and
K = 30 mm
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anodized and regular aluminium, PVC, and Schott BK-7
glass. The full height of the channel, H, is 30 mm, and its
aspect ratio (width B to height H) is 12:1. The wavy bottom
wall in the test section is made of aluminum and is heated
with an embedded electrical heat foil ð _q ¼ 1; 800 W=m2Þ;
the top wall is kept at a constant temperature of T = 20C.
Two temperature sensors are integrated in the top and
bottom wall to control and to record the temperature during
the measurements at the measurement location. A heat
exchanger is incorporated in the reservoir (9) to remove the
heat from the fluid after passing the test section and to
thereby ensure a constant entry temperature into the test
section. We report on measurements performed in the (x,y)-
and the (x,z)-plane for a hydrodynamically developed flow
after the 50th wave crest.
To assess the fluid velocity field, we employ two-com-
ponent digital particle image velocimetry (DPIV) (Adrian
1991; Westerweel 1997; Raffel et al. 1998). The temperature
field is measured by means of two-color planar laser induced
fluorescence (PLIF) (Sakakibara and Adrian 1999, 2004). To
address the scalar fluxes both measurement techniques are
combined to simultaneously assess the velocity and the
scalar fields. Therefore the cameras, the laser and the image
acquisition software were synchronized by means of an
adjustable timing unit (PIV Synchronizer, ILA GmbH). We
consider an ensemble of 1,000 consecutive image pairs
acquired at a frame rate of 4 Hz. The measurement system
consisting of the laser, the laser optics, and the cameras, is
positioned on a traverse that allows vertical adjustment with
an accuracy of approximately 10 lm. A flashlamp-pumped
dual Nd:YAG-laser (NewWave, 120 mJ) provides the pulse
light source for both DPIV and PLIF.
For the DPIV measurements the flow is seeded with
hollow glass spheres with a mean diameter of 10 lm
(density 1.03 g/cm3). The scattered light is recorded with a
10-bit CCD camera with a pixel-resolution of
1,280 9 1,024 pixels2, which is equipped with a band-pass
filter (passing light at 532 nm ± nm). The post-processing
of the DPIV data is comprised of an adaptive cross-cor-
relation algorithm, local filtering and interpolating of the
filtered vectors. The measurement accuracy of DPIV is
influenced by the particle image diameter, the particle
image density, the particle image displacement and the
velocity gradient within the interrogation area. Thus, the
total error can be subdivided into errors resulting from
the image processing (interrogation scheme) and errors
resulting from the image recording. Due to the considered
interrogation algorithm the error level for the image pro-
cessing is estimated to be below 10-2 pixels (Scarano and
Riethmuller 2000; Scarano 2002). The error caused by the
optical imaging is determined to be 0.01% (Kruse 2005).
Thus the uncertainty of the DPIV measurements resulting
from the experimental setup, image acquisition and image
processing is estimated to be in the order of 1%.
Fig. 2 Schematic of (I) the
separation region, and the
regions (II) of maximum
positive and (III) maximum
negative Reynolds shear stress
for a flow situation with
separation
Fig. 3 Channel flow facility consisting of (1) turning elbows, (2) honeycomb, (3) flat-walled entrance section, (5) test section with wavy bottom
and flat top wall, (4, 6–8) optical viewports, (9) reservoir, (10) frequency controlled pumps, (11) pipe and (12) diffusor
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In two-color PLIF, the intensity of emitted light of one
dye is a function of the fluid temperature and is thus used to
record the temperature information. The other dye is
insensitive to temperature and is used to correct for inho-
mogeneities in the laser light sheet originating from the
optics or from the thermal media itself. By calculating and
calibrating the emitted light intensity ratios of both dyes
the temperature field can be measured. For our measure-
ments, we use Rhodamine B as temperature sensitive dye
with a concentration of 125 lg/l, as temperature insensitive
dye we choose Rhodamine 110 with a concentration of
150 lg/l. The fluorescent light is recorded with two 12-bit
CCD cameras with a pixel-resolution of 1,376 9
1,040 pixels2. A schematic of the optical setup is depicted
in Fig. 4. To excite the dyes a Nd:YAG laser is used.
Figures 5 and 6 depict the absorption spectra of Rhoda-
mine B, respectively Rhodamine 110. These figures show
that Rhodamine B exhibits good absorption at an exciting
wavelength of 532 nm, whereas for Rhodamine 110 the
exciting wavelength is situated at the tail of the absorption
peak. To test the suitability of this dye combination we
measured the emission spectra of a mixture of Rhodamine
B and Rhodamine 110 excited at a wavelength of 532 nm
which is depicted in Fig. 7. It is observed that the emission
peaks of both dyes are pronounced and clearly distin-
guishable. Thus, we conclude that this dye combination is
suitable for temperature measurements with Nd:YAG
lasers.
The spectral characteristic of the beamsplitter (Lase-
roptik GmbH) exhibits a high transmittance at 520 nm and
a high reflectance at 575 nm. Thus the emitted light from
Rhodamine B and Rhodamine 110 is separated between the
two CCDs. Since the flow is seeded the Mie scattering from
the particles has to be removed from the emitted light of
Rhodamine 110. This is accomplished by the filter mounted
Wavy surface
Beamsplitter
(HR 575nm/HT 520nm)
CCD for
Rhodamine 110
CCD for
Rhodamine B
Filter <532nm
CCD for PIV
Bandpassfilter 532nm
Laser light sheet
Fig. 4 Schematic of the optical setup (not to scale)
Fig. 5 Absorption spectrum of Rhodamine B
Fig. 6 Absorption spectrum of Rhodamine 110
Fig. 7 Emission spectrum of a mixture of Rhodamine B and
Rhodamine 110 excited with a Nd:YAG laser (kex = 532 nm)
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in front of the CCD for Rhodamine 110 which only
transmits light with a wavelength smaller than 530 nm.
The temperature calibration is performed according to
Sakakibara and Adrian (2004). We recorded two sets of
reference images at uniform and known temperatures T1
and T2 and applied a linear interpolation to calculate the
temperature
T ¼ c  c2
c2  c1
T2  T1ð Þ þ T2; ð5Þ
where c1 is the intensity ratio at temperature T1, respec-
tively c2 the intensity ratio at T2. This calibration is
evaluated for each pixel. To account for any backscattering
effects of the seeding particles the calibration is performed
with the flow being seeded. In post-processing, the tem-
perature information is then averaged over an area of
8 9 8 pixels2 and is then mapped onto the velocity field.
To justify the choice of a linear calibration function, the
temperature dependance of Rhodamine B needs to be
investigated. To address this aspect measurements are
performed in a Rayleigh–Be´nard convection cell described
in detail by Gu¨nther (2001). A measure of 150 lg/l Rho-
damine B were diluted in the water-filled convection cell
and both walls were kept at constant temperatures ranging
from 20 to 50C. To ensure a homogeneous temperature
distribution the fluid was mixed with a magnetic stirrer
between the measurements. A Nd:YAG laser was used as
exciting light source. Figure 8 depicts the relation between
the temperature and the emitted light intensity of Rhoda-
mine B. These results exhibit a linear dependency of the
emitted light intensity on the fluid temperature.
Uncertainties in the PLIF measurements originate from
the calibration and the measurement itself. During the
calibration process the fluid temperature of the measure-
ment plane inside the test section of the channel was
recorded with a thermocouple having a sensitivity of 0.1C.
For each temperature, the calibration is performed with an
image averaged over 10 recordings. The concentration of
the tracer dyes and the optical path is kept constant
between calibration and measurement, thus these effects
are considered in the calibration function. We estimate the
uncertainty in our temperature measurements to be in the
order of 1C, which corresponds to approximately 4% of
the bulk temperature (TB = 23C), or 18% when scaled
with the difference of 5.5C between the wavy wall tem-
perature and the bulk fluid temperature.
4 Results
The field of view (FOV) of the measurements in the (x,y)-
plane covers the whole region between the wavy surface
and the flat top wall (FOV 1.45 H (streamwise) 9 1.12 H
(vertical)). The spatial resolution of the PIV data in this
plane of measurement is 0.016 H, which corresponds to
480 lm. The spatial resolution of the PLIF data is 0.009H,
respectively 274 lm.
The field of view for the measurements in the (x,z)-plane
is 0.87 H (streamwise) 9 1.14 H (spanwise), which cor-
responds to a spatial resolution of the PIV data of 0.013 H,
respectively 384 lm. The spatial resolution of the PLIF
data in this plane of measurement is 0.0067H, or 200 lm.
The laser light sheet is adjusted to a plane at y/H = 0.07
above the wavy surface.
To characterize the influence of the heated bottom sur-
face on the velocity field, we plot profiles of turbulence
quantities at constant streamwise positions along one
wavelength, where x/H = 0.00 and x/H = 1.00 denotes the
wave crest, x/H = 0.50 the wave trough.
4.1 Mean velocity profiles
Figure 9 depicts the profiles of the normalized mean
velocity hui/UB for a Reynolds number of ReH = 1,025
(unheated) and ReH = 1,100 (heated). In the unheated
case, an asymmetric mean velocity profile is observed.
The location of maximum flow velocity is shifted towards
the flat top wall and is found at a vertical coordinate of
y/H = 0.65. This is consistent with earlier studies of
isothermal flows over wavy walls at higher Reynolds
numbers (e.g. Kruse et al. 2006). In the heated case also
an asymmetric velocity profile is observed, however the
location of maximum flow velocity is shifted towards the
heated bottom surface (y/H = 0.4). In the flow region
near the heated surface (y/H \ 0.2) a higher mean
streamwise velocity compared to the unheated case is
observed. Negative values of the mean velocity in the
region of the wave trough (x/H = 0.50) in the heated case
indicate a separated flow region, which is not observed in
the isothermal case.
Fig. 8 Relation between the temperature and the emitted light
intensity of Rhodamine B
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4.2 Root mean square of velocity fluctuations
To further characterize the influence of the heated wavy
surface, we calculate the normalized root mean squares of
the streamwise velocity fluctuations
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hu02i
p
=UB; respec-
tively
ﬃﬃﬃﬃﬃﬃﬃﬃﬃhv02ip =UB in vertical direction. Figure 10 depicts
the profiles of the root mean square of the streamwise
velocity fluctuation along one wavelength for the Reynolds
number ReH = 1,025 (unheated) and ReH = 1,100
(heated). For the heated case, in general, larger values of
the root mean square are found, especially in the region
near the heated wavy surface. At the location of the wave
crest, i.e. x/H = 0.00 and x/H = 1.00, the profiles nearly
overlap. Downstream and upstream of the wave crest and
in the wave trough a maximum is found at a vertical
position of approximately y/H = 0.1. This indicates that
the fluid inside the wave trough accumulates more heat
resulting in higher local fluid velocities compared to the
isothermal case. A second maximum of the root mean
square of the streamwise velocity fluctuations is located
in the upper half of the channel near the flat top wall at
y/H & 0.8. This could be an indication of large-scale
thermal structures reported in an earlier study (Kruse and
Rudolf von Rohr 2006), which are identified by a proper
orthogonal decomposition as streamwise-oriented, coher-
ent flow structures. Figure 11 depicts the profiles of the
root mean square of the vertical velocity fluctuations along
one wavelength for the Reynolds number ReH = 1,025
(unheated) and ReH = 1,100 (heated). In the profiles, the
influence of buoyancy due to the resulting fluid motion in
vertical direction is observed. In the region between the
heated bottom surface and the dimensionless coordinate of
y/H = 0.8 larger rms values of the vertical velocity fluc-
tuations are found. These results allow to determine the
region of the flow which is directly affected by mixed
convection.
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Fig. 9 Profiles of the mean
velocity hui/UB along one
wavelength for Reynolds
numbers of ReH = 1,025
(unheated, filled circle) and
ReH = 1,100 (heated, circle).
The locations x/H = 0.00 and
x/H = 1.00 correspond to the
wave crest, x/H = 0.50 to the
wave trough
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Fig. 10 Profiles of the root
mean square of the streamwise
velocity fluctuation
ﬃﬃﬃﬃﬃﬃﬃﬃﬃhu02ip =UB
along one wavelength for
Reynolds numbers of
ReH = 1,025 (unheated, filled
circle) and ReH = 1,100
(heated, filled circle). The
locations x/H = 0.00 and
x/H = 1.00 correspond to the
wave crest, x/H = 0.50 to the
wave trough
Exp Fluids (2008) 44:973–984 979
123
4.3 Reynolds stress
The flow over waves is associated with a shear layer
developing after the wave crest and extending over the
whole wavelength. For mixed convection this shear layer is
expected to be intensified through the interaction between
the mean flow and the upward fluid motion due to buoy-
ancy. Figure 12 depicts the profiles of the Reynolds stress
along one wavelength for the Reynolds number ReH =
1,025 (unheated) and ReH = 1,100 (heated). Larger values
of the Reynolds stress are found in the region between the
heated wavy surface and the location y/H = 0.6. The
location of the maximum changes from a vertical coordi-
nate of y/H = 0.15 for the wave crests to y/H = 0.10 in the
wave trough. At the upstream side of the wave crest (x/
H = 0.75) a pronounced Reynolds stress profile is found.
This indicates that the mixed convection is also influenced
by the local curvature of the wall.
4.4 Mean temperature field and scalar fluxes
Figure 13 depicts the contour of the mean temperature hTi
normalized with the bulk temperature TB. The heat transfer
from the heated wavy surface to the fluid is observed by the
layer of fluid along the surface with elevated temperature.
The thickness of the layer increases at the upstream side of
the wave, which is consistent with the observations for the
velocity field and the turbulence statistics. No temperature
changes are observed in the mean temperature field for a
region y/H [ 0.2. To address the transport of temperature
we calculate the normalized heat fluxes hu0T0i/(UBTB),
respectively hv0T0i/(UBTB), from the simultaneous mea-
surements. Figure 14 depicts the contours of the turbulent
heat flux components in the (x,y)-plane. For the vertical
component (Fig. 14b) the largest values are observed along
the heated wavy surface, which causes the transport of heat
from the wall to the bulk of the fluid. This region of
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Fig. 11 Profiles of the root
mean square of the vertical
velocity fluctuation
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along one wavelength for
Reynolds numbers of
ReH = 1,025 (unheated, filled
circle) and ReH = 1,100
(heated, circle). The locations
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correspond to the wave crest,
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Fig. 12 Profiles of the
Reynolds stress hu0v0i/UB2 along
one wavelength for Reynolds
numbers of ReH = 1,025
(unheated, filled circle) and
ReH = 1,100 (heated, circle).
The locations x/H = 0.00 and
x/H = 1.00 correspond to the
wave crest, x/H = 0.50 to the
wave trough
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increased vertical heat flux is not found to be parallel to the
wavy wall, but increases in the region of the wave trough.
This location corresponds to the developing shear layer
which is formed after the wave crest and extends over the
wave trough. The maximum of the streamwise heat flux
(Fig. 14a) is found in a region above the wavy wall
(0.05 \ y/H \ 0.20), with a local maximum at the
upstream side of the wave. By comparing the heat flux
components with the profiles of the Reynolds shear stress
(Fig. 12), a correlation between the two quantities is
observed. The locations of increased momentum transport
coincide with the regions of increased scalar transport. The
values found for the streamwise component of the heat flux
are in the order of a magnitude larger compared to the
vertical component.
4.5 Proper orthogonal decomposition of the velocity
field
To extract the most dominant flow structures we perform a
proper orthogonal decomposition (POD) or Karhunen-Lo-
e`ve (KL) decomposition of the velocity field by using the
method of snapshots (Sirovich 1987; Berkooz et al. 1993;
Liu et al. 2001). In the following, this method is reviewed
briefly. We consider a scalar quantity n(x,t), which may
represent a velocity component, ui(x,t), a temperature,
T(x,t), or a concentration of a species, c(x,t), at discrete
times ti with i = 1,…, M, and 1,…, N discrete locations
within a two-dimensional plane. Thus, a spatiotemporal set
of data can be written as the following N 9 M matrix:
X ¼ Xif gMi¼1¼
n11; n12; . . .; n1M
n21; n22; . . .; n2M
..
.
nN1; nN2; . . .; nNM
2
6664
3
7775 ð6Þ
with Xi = [n1, n2,…, nN]T. The mean is computed by
X ¼ 1
M
XM
i¼1
Xi: ð7Þ
For the fluctuations, it then follows that
Fig. 13 Contour of the mean temperature profile hTi/TB in the (x,y)-
plane at ReH = 1,100
Fig. 14 Contour plot of the turbulent heat flux components in the
(x,y)-plane
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X0i ¼ Xi  X; i ¼ 1; . . .; M: ð8Þ
Applying the method of snapshots, a M 9 M covariance
matrix C can be computed, which reads
Cij ¼ X0iX0j
 
; i; j ¼ 1; . . .; M; ð9Þ
where h,i is the Euclidean inner product. Since the
covariance matrix is symmetric, its eigenvalues, ki, are
non-negative, and its eigenvectors, /i,i = 1,…, M , form a
complete orthogonal set. The orthogonal eigenfunctions are
thus defined as:
P½k ¼
XM
i¼1
/½ki X
0
i; k ¼ 1; . . .; M; ð10Þ
where /i
[k] is the ith component of the kth eigenvector. The
total energy E is obtained through summation of the
eigenvalues:
E ¼
XM
i¼1
ki:
The fractional contribution of each eigenfunction to the
total energy is given by the fractional contribution of its
associated eigenvalue:
Ek
E
¼ kk
E
: ð11Þ
For a more detailed description of the implementation of
this technique to two-dimensional PIV data, we refer to
Kuhn et al. (2007).
Figure 15 depicts the vector field of the first POD mode
for a decomposition of u/UB(x,y/H = 0.10,z,t), where u
denotes the measured velocity vector (u,w)T. The contri-
bution of the first POD mode to the total energy of the
mixed convective flow is 27.4% which expresses its
dominance. Figure 16 depicts the fractional and cumulative
kinetic energy contribution of the first 15 POD modes. It is
observed that the first 5 modes capture nearly 80% of the
kinetic energy of the flow. Thus the dominant flow features
can be described by addressing only the first few POD
modes. The vector field visualizes the structure of the
dominant eigenmode as streamwise-oriented, counter-
rotating vortices. The spanwise scale , defined as the dis-
tance between the cores of the longitudinal flow structures
characterized by the same direction of velocity fluctua-
tions, is identified as 1.1H. This value is smaller than for
the first POD mode for the isothermal turbulent flow over
waves (Kruse et al. 2006). Thus, we identify an influence
of mixed convection on longitudinal flow structures present
in the flow field.
4.6 Scalar fluxes
Figure 17 depicts the vector plot of the heat flux in the (x,z)-
plane. By comparing this figure with the vector plot of the
first POD mode an agreement of the spanwise scales is
found. The maximum of scalar transport occurs in the region
between the cores of the longitudinal flow structures, i.e. the
region of maximum rotation (-0.2 \ z/H \ 0.0 and
0.3 \ z/H \ 0.5). Thus, the measurements in the (x,z)-plane
verify the observations in the (x,y)-plane, locations of
increased momentum transport coincide with regions of
increased scalar transport. In addition, the scalar transport is
increased at the upstream side of the wave (x/H [ 0.50),
indicated by the broadening of the heat flux vector field.
Fig. 15 Vector field of the first POD mode for a decomposition of
u/UB(x,y/H = 0.10,z,t) with an energy contribution of 27.4% in the
(x,z)-plane (ensemble size 1,000 images)
Fig. 16 Fractional (circle) and cumulative (filled circle) kinetic
energy contribution from eigenvalues for a decomposition of u/
UB(x,y/H = 0.10,z,t) (ensemble size 1,000 images)
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Thus, we also identify an influence of the bounding surface
geometry on scalar transport processes.
5 Conclusions
We apply a combined DPIV/PLIF technique to simulta-
neously measure the velocity and temperature fields of a
mixed convective flow over a wavy surface. Therefore, we
employed two-color PLIF with the fluorescent dye com-
bination Rhodamine B/Rhodamine 110 excited with a
Nd:YAG laser. The flow between the flat top and heated
wavy bottom surface is investigated at the Reynolds
numbers ReH = 1,100 (heated), respectively ReH = 1,025
(unheated). By recording long image series the statistics of
the velocity and temperature fields are calculated and we
discuss the influence of mixed convection on turbulence
quantities and scalar transport properties.
We identified a shift of the mean velocity profile in the
vicinity of the heated surface and a separation zone
downstream of the wave, both effects not present in the
isothermal case. By calculating the root mean square val-
ues of the velocity fluctuations and the Reynolds stress we
concluded that momentum transport is increased for the
mixed convection regime. The maximum of the heat flux
components measured in the (x,y)-plane coincides with the
maximum of the Reynolds shear stress. Thus, we conclude
that locations of increased momentum transport coincide
with the regions of increased scalar transport. These
observations are verified by the measurements in the (x,z)-
plane. There we apply a proper orthogonal decomposition
to extract the most dominant flow structures which appear
as streamwise-oriented, counter-rotating vortices. Their
spanwise scale agrees with the scale of the heat flux vector
field in this plane of measurement. The maximum of the
heat flux is located between the cores of the extracted
longitudinal flow structures. In addition, we find an influ-
ence of the bounding surface on the transport processes,
visualized by the shape of the mean temperature profile and
the increasing heat flux at the upstream region of the wave.
By applying a combination of DPIV and two-color PLIF
to simultaneously measure the velocity and temperature
fields, we show a correlation of momentum and scalar
transport in mixed convective flow over waves.
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